Flavonoids, polyphenolic compounds that are ubiquitously present in foods of plant origin, have long been recognized to possess antiallergic, anti-inflammatory, antiviral, antiproliferative and anticarcinogenic properties.
Flavonoids, polyphenolic compounds that are ubiquitously present in foods of plant origin, have long been recognized to possess antiallergic, anti-inflammatory, antiviral, antiproliferative and anticarcinogenic properties. 1, 2) Physically, they are characterized by two phenyl rings connected by a pyran ring or a similar structure of three carbons. These rings are referred to as A, B and C, respectively. Flavonoids are classified into flavonols, flavones, catechins, flavanones, anthocyanidins, dihydrochalcone and isoflavones, based on variations in ring C. Several recent studies have demonstrated that, depending on their structure, flavonoids may be potent inhibitors of several enzymes, including tyrosine kinase, protein kinase C, and phosphatidylinositol 3-kinase, 3, 4) which are all involved in regulation of cyclooxygenase-2 (COX-2) expression. However, the inhibitory effects of flavonoids on COX-2 expression have yet to be investigated in detail.
COX, a key enzyme in the biosynthetic pathway leading to the formation of prostaglandins, has two isoforms. COX-1 is constitutively expressed to maintain physiological functions, while COX-2 is an inducible enzyme that is upregulated during inflammation and colorectal tumor formation. [5] [6] [7] [8] Many epidemiological and animal experiments have demonstrated that inhibition of COX-2 activity reduces the risk of colon carcinogenesis. [9] [10] [11] [12] Thus, COX-2-selective inhibitors have potential as chemopreventive agents against development of cancer in the colon and other organs. It is also likely that agents that can suppress COX-2 expression at the gene level may be equally advantageous.
As documented in a previous paper, 13) we have constructed a β-galactosidase (β-gal) reporter gene system to test the effects of compounds on COX-2 transcriptional activity in human colon cancer cells, and found that three flavonoids, genistein, kaempferol and quercetin, suppress COX-2 transcriptional activity. In the present study, using these and an additional nine flavonoids, the relationships between structure and suppression of COX-2 transcriptional activities were examined, and an analysis of the electron density of hydroxyl groups of flavonoids was performed. Our results suggest that low electron density of oxygen at the 5,7-positions of the A ring, the number of hydroxyl groups on the B ring, and an oxo group at the 4-position of the C ring are important aspects of flavonoid structure that affect the suppression of COX-2 transcriptional activity. 
MATERIALS AND METHODS

Chemicals
Calculation of electron density of oxygen atom
The electron densities of the oxygen atoms of the hydroxyl groups at the 5 and 7 positions of flavonols and those of the corresponding hydroxyl groups of resacetophenone and 3,5-dibromo-2,4-dihydroxyacetophenone were calculated by means of the semi-empirical quantum mechanical method AM-1 using MOPAC ver 6.3. The initial geometry was constructed from standard bond lengths and angles, and then completely optimized using an algorithm in the MOPAC program. 14, 15) Cell culture and analysis of cell viability Cells of the DLD-1 human colon adenocarcinoma cell line were obtained from the Health Science Research Resources Bank (Osaka) and maintained in RPMI1640 medium supplemented with 5% heat-inactivated fetal bovine serum (Hyclone Laboratories, Inc., Logan, UT) and antibiotics (100 µg/ml of streptomycin and 100 units/ml of penicillin) at 37°C in 5% CO 2 . Cells (2.0×10 4 cells/well in 100 µl) were plated in 96-well tissue culture dishes and precultured for 24 h before treatment with 100 ng/ml of TGFα and test reagents for 48 h.
Cell viability in each culture was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, as previously reported.
13)
Reporter gene assay for COX-2 promoter-dependent transcriptional activity pB2-βGal-BSD and pCOX2/B2-βGal-BSD plasmid DNAs were constructed as reported earlier. 13) In brief, pB2-βGal-BSD is a basic vector for reporter gene assay that contains the lacZ gene and the blasticidin S deaminase (BSD) gene. pCOX2/B2-βGal-BSD was constructed by insertion of the 2078-nucleotide human COX-2 gene promoter fragment stretching from −2046 to +32 relative to the transcription start site of the human COX-2 gene into the upstream site of the lacZ gene of the pB2-βGal-BSD plasmid. The pB2-βGal-BSD, as well as the pCOX2/B2-βGal-BSD plasmid DNA, were separately transfected into DLD-1 cells, designated DLD-1/B2-βGal-BSD and DLD-1/COX2-B2-βGal-BSD, respectively. Transfected cells were selected in medium containing 20 µg/ml of blasticidin S hydrochloride (Kaken Pharmaceutical, Tokyo) and subcloned by limiting dilution. A subclone that contained an intact DNA fragment of the 2078-base-pair COX-2 promoter region and downstream lacZ gene in the genome DNA was used for Fig. 1 . Structures of the flavonoids examined. They were classified into three groups, I, II, and III, based on their suppressive effects. The A, B and C rings are indicated for quercetin. The structural moieties employed for assessment of structure-activity relationships are indicated by boxes; structural differences are evident between quercetin and epicatechin, between luteolin and eriodictyol and between the B ring of flavonols (myricetin, kaempferol and quercetin) and that of flavanols (epicatechin and epigallocatechin).
the present study, as described previously.
13) The total β-gal activities of DLD-1 cells in each well were determined by a colorimetric assay using o-nitrophenyl-β-D-galactopyranoside (ONPG). The background β-gal activity was determined in untreated DLD-1/B2-βGal-BSD cells and subtracted from the β-gal assay values. In the present study, IC 50 was defined as the concentration that caused a 50% decrease in TGFα-stimulated COX-2 transcriptional activity. The percentage β-gal activity for each treatment was calculated from data for triplicate wells. The values of β-gal activity were normalized for viable cell number, assessed by the MTT assay. All experiments were repeated three times. IC 50 (n=3) values were plotted as means±SD.
RESULTS
Suppression of COX-2 transcriptional activity by flavonoid compounds
Nine compounds belonging to six representative chemical classes of flavonoids were tested at various concentrations up to 500 µM with regard to their effects on COX-2 transcriptional activity (Fig. 1) . Treatment of cells with 100 ng/ml TGFα for 48 h increased COX-2 transcriptional activity to 2.1 times the value in untreated DLD-1/COX2-B2-βGal-BSD cells. No significant decrease in cell viability was observed after a 48-h culture with TGFα and flavonoids at concentrations equivalent to their IC 50 values. The suppressive effects of nine flavonoid compounds on COX-2 transcriptional activity are shown in Table I . Based on their ability to induce a 50% decrease in TGFα-stimulated COX-2 transcriptional activity, the flavonoids could be classified into three groups: potent, weak, and no suppression. Eriodictyol, fisetin, luteolin, phloretine and rhamnetin were potent suppressors of COX-2 transcriptional activity, with IC 50 values of 18.6-52.5 µM. In contrast, catechin and epicatechin showed only very weak suppression of COX-2 transcriptional activity (IC 50 =415.3 µM) and epigallocatechin and myricetin exhibited no suppression.
For comparison with the present data, the suppressive effects of three flavonoids, quercetin, genistein and kaempferol, on COX-2 transcriptional activity, which were previously reported, 13) are also given in Table I , and the structures of these compounds are included in Fig. 1 . These three flavonoids are classified as potent suppressors; quercetin was found to be the most potent suppressor among the twelve compounds tested in the present and previous studies. Moreover, among the chemical classes in the present and previous studies, flavonols were all potent suppressors of the COX-2 transcriptional activity, except for myricetin. On the other hand, flavanols, which lack a 4-oxo group, were weak suppressors, except for epigallocatechin. Eriodictyol, a flavanone, genistein, an isoflavone, and phloretine, a dihydrocalcone, all possess a 4-oxo group and potently suppressed COX-2 transcriptional activity. Myricetin and epigallocatechin which have three hydroxyl groups on the B ring, showed no significant effects. Based on the comparison of quercetin and kaempferol, 3′,4′-OH groups on the B ring appear to enhance the suppressive effect on COX-2 transcriptional activity. Oxygen electron density of the resorcinol moiety To determine the relationship between the electron density of oxygen atoms in hydroxyl groups of the compounds and the inhibitory effects on COX-2 transcriptional activity, the electron densities of the 5-and 7-oxygens in the A ring of the 5 flavonoids, which are listed in Table I and Fig. 1 , were calculated by the semi-empirical quantum mechanical method AM-1. The potent suppressor, quercetin, had a lower calculated electron density for the 7-oxygen than the weak suppressors, catechin and epicatechin. Among flavonoids with the same B ring structure and a resorcinol a) The data for these three flavonoids were reported previously. 13) moiety, an inverse correlation was observed between the electron density of the 7-oxygen and the suppression of COX-2 transcriptional activity (Table II) . A similar correlation was observed for the electron density of the 5-oxygen.
Effects of resacetophenone and its brominated homologue
The calculated oxygen electron density of the resorcinol moiety suggested that 7-oxygen may play a role in suppressing COX-2 transcriptional activity. To determine whether this is the case, resacetophenone was brominated to reduce the electron density. The structure and synthetic pathway of 3,5-dibromo-2,4-dihydroxyacetophenone are illustrated in Fig. 2 . As shown in Table III , BHAP has a lower electron density of the oxygens at positions 2 and 4 in the resorcinol moiety than resacetophenone. BHAP suppressed COX-2 transcriptional activity in a dose-dependent manner, and was 6.8 times more potent than resacetophenone (Fig. 3) .
DISCUSSION
Ten of the twelve flavonoids tested in the present and previous studies suppressed COX-2 transcriptional activity in our reporter gene assay system. Among the twelve, epicatechin, epigallocatechin, genistein, luteolin and quercetin have been reported to have chemopreventive properties in several carcinogenesis systems. [16] [17] [18] [19] [20] Thus, the suppression of COX-2 expression by these flavonoids could be involved in the mechanism of cancer prevention.
Subclasses of flavonoids are based on variations in the heterocyclic C ring. Quercetin, a flavonol, and epicatechin, a flavanol, differ with regard to the state of saturation of the C2-C3 bond and the presence of a 4-oxo group (Fig.  1) . The former strongly influences the molecular conformation. The structure-activity analysis of eriodictyol and luteolin suggested that the 2,3-double bond of the C ring has little effect on COX-2 transcriptional activity. Thus, these results suggest that the 4-oxo group plays an important role in suppressing COX-2 transcriptional activity. All flavonoids with a 4-oxo group, except for myricetin, were found to be potent suppressors of COX-2 transcriptional activity. On the other hand, compounds that lacked a 4-oxo group, catechin, epicatechin and epigallocatechin, exhibited weak or no activity.
The potent COX-2 suppressors, eriodictyol, fisetin, luteolin, quercetin and rhamnetin, have 3′,4′-OH groups in 3 . Suppression of TGFα-stimulated COX-2 promoterdependent transcriptional activity by resacetophenone and BHAP. DLD-1/COX-2-B2-βGal-BSD cells were treated with 100 ng/ml TGFα in the presence of the indicated concentrations of resacetophenone ( ) and BHAP ( ) for 48 h. The β-galactosidase activity in untreated negative control DLD-1/B2-βGal-BSD cells was set at 0, and that in TGFα-stimulated DLD-1/ COX-2-B2-βGal-BSD cells was set at 100%. β-Galactosidase reporter gene activity in each treatment was normalized for cell viability. n=3; bars, SD.
their B ring. Compounds, such as epigallocatechin and myricetin, with three hydroxyl groups on the B ring did not suppress COX-2 transcriptional activity. Therefore, the number of hydroxyl groups on the B ring may be related to a molecular conformation that influences the interactions between flavonoids and enzymes such as tyrosine kinase and protein kinase C, which are involved in the transcriptional activity of COX-2. Indeed, it has been reported that flavonoids which inhibit tyrosine kinase and protein kinase C have 3′,4′-OH groups on the B ring, and 5,7-OH groups on the A ring. 3, 4) Flavonoids with a 4-oxo group on the C ring have also been reported to be potent radical scavengers. 21) The results of the present study suggest that flavonoid structures which are essential for suppressing COX-2 expression are very similar to those required for the inhibition of tyrosine kinase and protein kinase C.
Moreover, crystallography has demonstrated that there is an intramolecular hydrogen bond between the 5-hydroxyl group and the 4-oxo group in quercetin. 22 ) Since a free 7-hydroxyl group in the A ring may be able to attack enzymes such as tyrosine kinases, we examined the electron density of the 7-oxygen. Our data suggest a possible inverse link between this parameter and the suppression of COX-2 transcriptional activity.
The present study of the structure-activity relationship has provided important information regarding the types of moieties that are involved in the suppression of COX-2 transcriptional activity. On the basis of our findings resacetophenone, which has a weak suppressive effect on COX-2 transcriptional activity, was brominated to reduce the electron density of the 2-and 4-oxygens in the resorcinol moiety. The resulting compound had a greatly enhanced suppressive effect on COX-2 transcriptional activity.
In conclusion, we propose that the structural requirements for the suppression of COX-2 transcriptional activity by flavonoids are the presence of a 4-oxo group in the C ring, low electron density in the 7-oxygen group in the A ring, and a 3′,4′-dihydroxyl structure in the B ring. 
